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Abstract Toxic tannery wastewater(s) (TWW) pose(s) a great
risk to the environment. This study explores the potential of
mitigating the harmful effects of TWW through sedimentation
using clinoptiolite in the presence of various anionic, cationic
and non-ionic flocculants with different molecular weights and
charge densities followed by encapsulation in a brick structure
for stability. Compressive strength (CS), size reduction after
firing (SRAF), water absorption (WA) and colouring parame-
ters of bricks were determined. X-Ray diffraction (XRD) and
scanning electron microscopy (SEM)–energy dispersive X-ray
(EDX) analyses were conducted on brick bodies. Kinetic
leaching experiments were conducted for possible heavymetal
release from the bricks. Bricks containing 10 wt% leather
waste and 5 wt% clinoptiolite sintered at 800 °C instead of
920 °C possessed similar properties to the standard brick (SB).
Keywords Clinoptiolite . Sedimentation . Polyacrylamide .
Leather residues . Brick
Introduction
Raw hide or skin is the raw material of leather industry from
which leather is produced. Hides are subjected to a number of
chemical and mechanical treatments. These treatments which
turn the hides into a physically and chemically more durable
products and less susceptible to decomposition usually in-
volve three distinct phases: the preparation in the beamhouse,
tanning in the tanyard and finishing which includes dyeing
and surface treatment. Leather tanning is the key process of
converting raw hides or skins into leather. In this process,
animal hides and skins are treated to remove hair and non-
structured proteins and fats, leaving an essentially pure colla-
gen matrix. The hides are then preserved by impregnation
with tanning agents [1]. The tanning process is essentially
the reaction of collagen fibres in the hide with a wide range
of mineral-tanning chemicals [2]. The most common tanning
agents are chromium salts (trivalent chromium) (~90% of the
worldwide usage) and vegetable tannins [2–8]. Through the
tanning process, the leather becomes stable against sweat or
moisture, heat, microbial or enzymatic degradation, thermo-
mechanical stress, etc. [3, 9, 10].
Tanneries generate large amounts of liquid and solid wastes
[11] which contain high contents of dissolved and suspended
organic and inorganic solids giving rise to high oxygen de-
mand and potentially toxic metal salts and chromium metal
ions [3, 12, 13]. The unpleasant odour emanating from the
decomposition of proteinous waste material and the presence
of sulphide, ammonia and other volatile organic compounds
are also associated with tanning activities. Therefore, tannery
waste is a toxic material which should be correctly treated
and disposed of not to cause any adverse effect on the
surrounding land, water and the local flora and fauna [3,
13–16]. Although various treatment techniques such as co-
agulation–flocculation–sedimentation, ion exchange, ad-
sorption, chemical precipitation and membrane filtration
can be employed to remove heavy metals from contami-
nated wastewaters, they have their inherent advantages and
limitations in application [17–23].
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Coagulation–flocculation–sedimentation method where
metals salts are added for the purpose is commonly used to
remove pollutants in particulate form in the primary step of the
wastewater treatment. The studies on the use of alum and
ferric chloride as coagulants for toxic tannery waste water
(TWW) reported that ferric chloride produced better results
than aluminium sulphate [21, 22]. Although alum has been
probably the most widely used coagulant for treating waste-
waters, it tends to generate less cake volume than iron-based
coagulants. Nevertheless, it was also reported that metal salts
produced porous, less compact sludge, which was difficult to
dewater [20]. These sludges forming flocs with a three-
dimensional network were a two-phase mixture of solids and
water. Their water contents before and after thickening were
high varying between 99 and 95% [21]. Coagulation–floccu-
lation–sedimentation of TWW using combination of alum
with cationic and anionic polymers as coagulant were also
studied [20]. It was reported that the combination of alumwith
cationic/anionic polymer resulted in better results. The com-
parison revealed that the use of coagulant aid reduced sludge
volume by 60–70% and cost of chemicals by 50% for com-
parable removal efficiencies. So, using anionic polymers in
combination with metal salts results in some advantages such
as less sludge volumes and larger and compact flocs with
greater settling rates leading to higher surface overflow rates
for thickeners. Furthermore, the sludge contains much less
water and is easy to dewater [20–22]. The coagulation–floc-
culation of oil and suspended solids in heavy oil wastewater
by poly-zinc silicate and anionic polyacrylamide was investi-
gated to reduce oil and suspended solid concentration. The
Fig. 1 The size distribution of clinoptiolite used in this study
Table 1 Chemical analysis of clinoptiolite
Composition Concentration (%) Composition Concentration (mg/L) Composition Concentration (mg/L)
SiO2 67.3 Ba 120 Sr 338
Al2O3 10.6 Ce 39.1 Ta 1.3
Fe2O3 1.4 Cr 10 Tb 0.66
CaO 2.52 Cs 29.4 Th 29.1
MgO 0.92 Dy 3.67 Tl <0.5
Na2O 0.29 Er 2.2 Tm 0.32
K2O 3.83 Eu 0.27 U 7.39
C 0.29 Ga 13.3 V 17
Cr2O3 <0.01 Gd 3.83 Yb 2.26
TiO2 0.09 Hf 3 Zr 73
MnO 0.04 Ho 0.74 As 20.2
P2O5 <0.01 La 18.9 Bi 0.43
SrO 0.04 Nd 16.7 Hg <0.005
BaO 0.01 Pr 4.69 Sb 0.58
S 0.07 Rb 204 Se 0.5
LOIa 11.1 Sm 3.99 Te 0.01
a Loss of ignition
Table 2 Chemical
analysis of TWW Elements Concentration (mg/L)
Ca 622
K 4935.3
Cu 1
Mn 0.04
Pb 0.2
Al 9.5
Cr 30.7
Fe 1.6
Cd –
Ni –
Zn –
Co –
Hg –
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flocs morphology proved that poly-zinc silicate with anionic
polyacrylamide formed the firm and tight flocs and could
settle rapidly [22]. Although, coagulation–flocculation–sedi-
mentation method for primary treatment of wastewater laden
with heavy metals has advantages, this method involves high
operational cost due to chemical consumption and increased
sludge volume generation [23]. Furthermore, the toxic sludge
must be somehow converted into a stable and safe product to
prevent heavy metals from leaching into the environment.
Ion-exchange processes are widely used to remove heavy
metals from wastewater due to their many advantages includ-
ing high treatment capacity, high removal efficiency and fast
kinetics. However, exhausted ion-exchange resins must be re-
generated by chemical reagents leading to serious secondary
pollution issues. Besides, they are expensive, especially when
treating a large amount of wastewater containing heavy metal
in low concentration, so they cannot be used at large scale [23].
Similarly, chemical precipitation is not effective at low metal
contents and membrane separation due to large volumes.
Adsorption by zeolite minerals is one of the easiest, safest
and most cost effective method for the removal of metals from
aqueous solutions [24, 25]. Zeolites are naturally occurring
micro-porous aluminium silicate minerals [26–30], and their
exchangeable ions are relatively harmless. Among them,
clinoptiolite is the most important zeolite type due to its ex-
cellent cation exchange properties, stability up to 700 °C tem-
perature and dehydration [26, 27]. It has a high content of
silica, and the most common balancing cations are Na+, K+,
Ca2+ and Mg2+. In a number of studies, it has been demon-
strated that zeolites hold great potential for removal of cationic
heavy metal ions from industrial wastewater under different
experimental conditions [31–36]. However, to the best of our
knowledge, comparative studies using the combinations of
zeolites and very small quantities of polymeric coagulants to
aid coagulation in the treatment of TWW have been scarce.
Therefore, in this study, clinoptiolite alone and together
with anionic/cationic/non-ionic polymeric coagulants were
used for the primary treatment of TWW by sedimentation.
The purpose of the study can be summarized as to:
i) Use cheap and largely available clinoptiolite as the co-
agulant, instead of conventional coagulants such as
metal salts, together with starving quantities of cationic,
anionic and non-ionic polymers as coagulant aid
ii) Encapsulate and stabilize the harmful sediments gener-
ated in a brick structure which would otherwise pose
risk to the environment upon disposal
iii) Reduce the amount of valuable clay raw material in the
brick manufacturing process by replacing it with the
sediment and alleviate the impact of mining activities
on the environment
iv) Manufacture bricks which would satisfy the related
brick standards
Materials and methods
Materials
Clinoptiolite sample was obtained fromEnliMining Enterprise
(Manisa–Gördes /Turkey) with particle size distribution of
81% passing 150 μm (Fig. 1) and specific surface area of
52–53 m2/g (BET, Micromeritics Gemini V). The TWW sam-
ple was provided by a leather factory (Kula–Manisa/Turkey).
The analysis of the clinoptilolite (Table 1) and the atomic
Table 5 Recipe of brick bodies
Wt% 100 99 97 95 93 90
Clinoptiolite (%) – 1 3 5 7 10
Table 3 Technical information of
polymers Technical name Relative molecular
mass (× 106 g/mol)
Water content (% wt) Ionization degree
K 6645 6–8 4–8 High cationic
A 4032 11–13 4–10 Low anionic
A 4041 14–16 4–10 Medium anionic
A 4045 15–17 4–10 High anionic
A 4046 16–18 4–10 High anionic
N 134 8–10 Undefined Medium non-ionic
Table 4 Composition of
SB body Components Percent
SiO2 63.1
Al2O3 16.4
Fe2O3 5.9
CaO 5.6
MgO 2.3
K2O 2.0
Na2O 0.5
LOI 4.2
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absorption analysis of the TWW (Table 2) were carried out by
the ALS Minerals Laboratory Services Ltd. and Ege
University, The Department of Leather Engineering (Izmir,
Turkey), respectively. Four different types of anionic (A
4032, A 4041, A 4045, A 4046), one cationic (K 6645) and
one non-ionic (N 134) polyacrylamide/polyacrylamide (PAM)
surfactants were used as flocculants (Table 3). All the surfac-
tants were provided by Sigma-Aldrich. The SB clay was pro-
vided by Altın Kiremit brick factory (Menemen–Izmir/
Turkey). The XRF analysis of SB clay given in Table 4 was
carried out at the quality control department of Ege Seramik
Factory (İzmir, Turkey).
Methods
Sedimentation experiments
The suspensions with 10, 20, 30 and 40 g/L clinoptiolite con-
tent were prepared in tap water including 100 cm3 of TWW in
a total volume of 500 cm3. The suspension was stirred for 1 h
with a magnetic stirrer and poured into a graduated cylinder
with a 5 cm inner diameter and was left to free settling. The
variation in the height of the solid–liquid interface with time
was determined. The final volume where the height of the
solid–liquid interface remained constant was recorded as the
final sediment volume (FSV). These experiments were con-
ducted at various mixing and pH conditions. The pH of the
TWW tap water system was adjusted to various values using
0.1 M HCl and 0.1 M NaOH solutions. After the optimal
concentration of clinoptiolite for settling was determined, the
solutions containing optimal concentration of clinoptiolite
with various concentrations of PAM surfactants (20–
1000 mg/L) were prepared and flocculation experiments were
carried out with the same procedure explained above.
However, this time, specific polymer solutions prepared were
used instead of tap water to assist settling.
Turbidity measurements
Turbidity is a measure of light transmittance of water contain-
ing suspended solid particles and often used to measure the
performance of sedimentation. A Scientific Micro TPW mod-
el Turbidimeter was used for suspension with optimal
clinoptiolite concentration and for suspensions containing
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Fig. 3 a Turbidity measurements of supernatant after settling (pH = 9.5). bVariation in the FSVwith pH (20 g/L C content, 100 rev/minmixing rate, 1 h
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Fig. 2 a Height of solid–liquid interface with the settling time (pH = 9.5, mixing rate = 200 rev/min). b Zeta potential of zeolite
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optimal amount of clinoptiolite and various concentrations of
polymeric flocculants mentioned above. For this purpose,
10 mL sample was taken from the supernatant and the varia-
tion in turbidity with settling time was determined.
Production of bricks
The SB were crushed down to −4 mm using a laboratory jaw
crusher before mixing with solid residue of TWW. The sedi-
ment produced from TWW, which contained 1.32% (by
weight) of solid particles, was de-moisturized at 110 °C for
2 h in a laboratory drying oven (Heraus model). After drying,
SB body was moisturized with 6 wt% water and mixed with
various amounts of solid residue as seen in Table 5.
The experimental mixtures of 70 g each were placed into a
steel die with the dimensions of 5 × 10 × 1 cm and uniaxially
pressed with the aid of a hydraulic press (SACMI 470, PIL
type) under the pressure of 27 MPa and dried at 110 °C for an
hour. These pressed samples were fired at 800, 850, 900 and
920 °C for 2 h in a laboratory electrical muffle furnace
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Fig. 5 Testing the properties of Type A bricks
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Leather waste, %
0 1 2 3 4 5 6 7 8 9 10 11C
om
pr
es
si
ve
 s
tre
ng
th
, 
kg
/c
m
2
50
100
150
800oC
850OC
900oC
920oC
Leather waste, %
0 1 2 3 4 5 6 7 8 9 10 11
W
at
er
 a
bs
or
pt
io
n,
 %
0
10
20
800oC
850OC
900oC
920oC
Leather waste, %
C
ol
ou
rin
g 
pa
ra
m
et
er
s
0
50
100
800oC
850OC
900oC
Leather waste, %
0 1 2 3 4 5 6 7 8 9 10 11
Si
ze
 re
du
ct
io
n,
 %
0.0
0.5
1.0
800oC
850OC
900oC
920oC
0% 1% 3%
0
50
100
L
a
b
5% 7% 10% 0% 1% 3% 5% 7% 10%
800oC 850oC
900oC 920oC
No Clinoptiolite
No Clinoptiolite
No Clinoptiolite No Clinoptiolite
Fig. 6 Testing the properties of Type B bricks
724 J Aust Ceram Soc (2017) 53:719–731
(Nabertherm G100/9) with a dwelling time of 40 min at the
maximum temperature. The fired brick samples were allowed
to cool down to the room temperature, and their physico-
mechanical properties such as SRAF, CS and WAwere deter-
mined according to TSE 705 [37], TSE 4790 [38] and Turkish
standards in accord with ASTM and ASTM C67–92a [39],
respectively. Three bricks were prepared and fired for each test
condition and the average values of SRAF, CS and WAwere
obtained. CS tests were carried out on a Gabrielli Crometro
CR4-A4-B4 hydraulic press.
SEM–EDX and XRD analyses
Qualitative determination of major crystalline phases present
in the fired SB and experimental bricks was conducted by
XRD on powdered samples using a Rigaku Miniflex II X-
Ray powder diffractometer with Ni-filtered Cu Kα
(λ = 1.54 Å) radiation in the 5–80° 2θ range at 30kVand
15 mA. SEM, using an accelerating voltage of 10 and
20 kV, attached with a directional backscattering detector
was conducted on a JEOL JSM 6060 and FEI NOVA
NANOSEM 650 to investigate the microstructural evolution
of the SB and experimental brick bodies. Quantitative elemen-
tal analyses were carried out on selected SEM areas by EDX.
Polished cross sections were produced bymounting sample
fragments in low viscosity epoxy resin and polishing to a
1 μm finish. Samples were coated with a thin layer of Pt prior
to SEM imaging.
The colorimetric analyses of the experimental bricks were
carried out at Ege Seramik Inc using an Erichsen
Spectromaster 565-D according to EN ISO 10545-16 [40].
Kinetic leaching tests
The fired brick samples were placed in distilled water at a
solid/liquid ratio of 1/10. The bricks were kept in water for
1 h, 1 day, 1 week and 1 month to determine the amounts of
metals leaching into solution. At the end of each immersion
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Fig. 8 Testing the properties of Type D bricks
Table 6 Physico-mechanical
properties of SB fired at 920 °C Sintering Temperature SRAF (%) CS (kg/cm
2) WA (%) L a b
920 °C 0.20 88 16.77 60.42 17.26 26.76
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period, solution samples withdrawn were filtered using
0.45 μm membrane filters and analysed by inductively
coupled plasma mass spectrometry (ICP-MS Agilent 7500).
Results and discussion
Production of the TWW sediment
Sedimentation of TWW in the presence of clinoptiolite
The settling experiments were conducted at different concen-
trations of clinoptiolite and presented in Fig. 2a. It was seen
that the rate of settling was quick in the first 15 min and then it
slowed down and stopped after 60min. This was expected due
to the presence of ionic species in the suspension of TWW. As
it is known, the negative charge of clinoptiolite at this high pH
(9.5) will be depressed by the presence of ions. Therefore, the
clinoptiolite particles with no charge will come together to
agglomerate due to van der Waals forces and settle quickly
because of larger size of agglomerates (Fig. 2b). The settling
rates were calculated through the slopes of the straight lines
from Fig. 2a where rapid settling occurred. They were found
to be 3.7, 4.9, 4.7 and 4.4 cm/min for 10, 20, 30 and 40 g/L
clinoptiolite concentrations, respectively. The fastest settling
rate of 4.9 cm/min was attained at 20 g/L clinoptiolite concen-
tration. Therefore, 20 g/L clinoptiolite content was determined
to be the optimum clinoptiolite amount in this study.
Turbidity measurements were conducted using the super-
natant obtained above the sediment to test the flocculation
performance. The results were presented in Fig. 3a. As seen,
the turbidity values decreased from 3300NTU’s to 600 NTU’s
which was not enough. Ideally, a well-flocculated suspension
should settle leaving no suspended solids in the supernatant
liquid and, hence, have a very low turbidity.
The effect of pH on FSV was determined and presented in
Fig. 3b. As it is seen, there was no trend and the FSV values
changed approximately between 35 and 60 cm3. There are
some changes but these could be due to other reasons than
surface charge of clinoptiolite. As discussed above, the elec-
trical double layer around the clinoptiolite surface was expect-
ed to be depressed due to the high ion concentration of TWW.
Therefore, the settling behaviour of clinoptiolite particles was
not expected to change. The effect of a mixing rate on FSV
Element Weight (%) Atomic (%) 
O 41.84 57.90 
Na 0.95 0.92 
Mg 2.54 2.31 
Al 14.95 12.27 
Si 26.85 21.17 
K 0.44 0.25 
Ca 1.53 0.85 
Ti 0.43 0.20 
Fe 10.46 4.14 
Fig. 9 SEM image and area EDX
spectrum-elemental distribution
of SB fired at 920 °C
Table 7 Physico-mechanical
properties of bricks containing
maximum amount of waste fired
at 800 °C
Brick composition CS (kgf/cm2) (≅) WA (%) SRAF (%) Change in colour
A 80 15 −0.04 Negligible
B 82 16 −0.1 Negligible
C 74 17 −0.12 Negligible
D 84 16 −0.08 Negligible
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was also tested and found to be negligible, which was expect-
ed due to the steady state conditions of the system. In other
words, the conditions of the solution and the surfaces did not
change with an increasing mixing rate.
Sedimentation of TWW in the presence of clinoptiolite
and flocculants
In this part of the study, the effect of flocculant type and
concentration on FSVand turbidity of supernatant liquid was
studied using the selected conditions and presented in Fig. 4a,
b. As seen from the figures, the FSV values changed approx-
imately between 38 and 78 cm3 while the turbidity values
changed between 0 and 900 NTU. It was observed that these
changes depended on the charge and size (molecular weight)
of the flocculants used. Among the anionic polymers, the low-
est FSV value was obtained with the anionic flocculant that
had the highest molecular weight (PAM 4046). The effect of
concentration, on the other hand, was not significant. FSV
values of anionic polymers increased with decreasing molec-
ular weight (Fig. 4a). On the other hand, the turbidity values of
anionic flocculants were high and increased with an increase
in molecular weight (Fig. 4b). The cationic flocculant PAM
K6645 seemed to be the best coagulant aid for cheap
clinoptiolite among the others to sediment the particles with
a lowest turbidity value of almost zero (Fig. 4b) and showed
Element Weight (%) Atomic (%)
Fe 3.43 1.65 
Mg 3.98 4.39 
Si 49.71 47.51 
O  12.98 21.77 
Mn 0.41 0.20 
Cr 0.95 0.49 
Pb 0.00 0.00 
Ca 13.59 9.10 
Al 14.97 14.89 
Fig. 11 SEM image and area
EDX spectrum-elemental
distribution of D brick containing
10 wt% solid leather waste and
5 wt% clinoptiolite fired at 800 °C
Fig. 10 XRD spectrum of SB
fired at 920 °C
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an excellent flocculation performance even in starving quan-
tities. However, its FSV value was the highest. This might be
due to the high molecular weight and cationic charge of mol-
ecules. The flocculant adsorbs onto surfaces of clinoptiolite
due to its negative charge at this pH, and particles settle due to
bridgingmechanism. Therefore, there might be space between
particles due to the flocculant molecule between them. This
will increase the sediment height. The decrease in the turbidity
was also expected in this case. In the case of the non-ionic
polymer (PAM N134), the supernatant liquid was not very
clear (Fig. 4b) and the sediment height was the second highest
(Fig. 4a). This might be again due to the presence of floccu-
lants between the particles since they do not have any charge.
In the case of anionic ones, no adsorption on surfaces was
expected due to the similar charge (negative charge) of floc-
culants and clinoptiolite surfaces.
Cationic polyelectrolytes might be thought to be more suit-
able for flocculation. However, this may not be viable in terms
of bridge formation. To build bridges among the solid parti-
cles, the polymer must get adsorbed strongly on the mineral
particle surface. The adsorption capability improves with
chemicals showing good adsorption properties such as amide
groups. Whether cationic or anionic, the bridging capability
enhances with increasing molecular weight.
Polymer adsorption and flocculation take place through a
number of stages such as the mobilization of the polymer
molecules with suspended particles following the initial ad-
sorption of the polymer chain and its rearrangement which
results in the final arrangement. Flocculation by poly acryl-
amides is considered to take place through the mechanism of
the formation of the polymer bridge. According to this mech-
anism, the polymer adsorbs on the solid particle surface from
several points owing to its high molecular weight.
Encapsulation of TWW sediment in brick structure
The purpose of this study was to encapsulate the sediment
obtained from TWW in the structure of construction bricks.
WA, CS, SRAF and colouring parameters were tested with
experimental bricks with and without the additives under sev-
eral conditions. The results of these studies were presented in
Figs. 5, 6, 7 and 8. It can be seen from the figures that the
effect of sediment on the brick structure changed depending
on the firing temperature and the type/concentration of addi-
tives. It seems that the presence of clinoptiolite does not affect
the brick properties negatively or positively under any condi-
tions. The presence of leather waste on the other hand showed
positive changes in the brick properties such as clinoptiolite at
Fig. 12 XRD spectrum of D
brick containing 10 wt% solid
leather waste and 5 wt%
clinoptiolite fired at 800 °C
Table 8 Results of kinetic leaching tests of bricks
Time Na (mg/L) K (mg/L) Mg (mg/L) Ca (mg/L) Au (μg/L) Zn (μg/L) Cr (μg/L) Ni (μg/L) Ag (μg/L) Al (μg/L)
1 h 1.60 0.308 0.203 1.36 11.0 195 0.121 1.94 0.057 2.61
1 day 1.60 0.241 0.236 1.50 5.10 204 0.185 2.41 0.012 4.04
1 week 4.94 12.4 1.09 7.44 5.71 45.3 40.63 1.62 ND 14.9
1 month 12.0 11.6 1.80 11.0 7.11 8.84 42.02 1.26 ND 46.0
ND not detectable
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low concentration when compared to those of SB composi-
tions (Table 6) fired at each experimental temperature.
All the values of WA capacity and of SRAF for the bricks
containing either clinoptiolite/leader waste or both of them
were in conformity with related brick standards [37, 39] for
all conditions and compositions which is desirable as far as
brick quality is concerned.
As seen from Figs. 5, 6, 7 and 8, no substantial variation in
colouring parameters of bricks, due to the firing temperature
and the type/concentration of additives, was observed.
Furthermore, no substantial differences among the colouring
parameters (L, a and b) of SB and experimental bricks occurred,
either (Figs. 5, 6, 7, 8 and Table 6). In measuring the values of
the chromatic coordinates (L, a and b), whiteness index was
denoted as L, variations between green and red colours was
denoted as a and variations between blue and yellow colours
was denoted as b [41, 42].
In Table 7, the physical properties of bricks containing
maximum amount of waste fired at 800 °C was given. The
criteria adopted for determining the optimal brick composition
was to employ the maximum waste usage and the lowest
sintering temperature in terms of environmental concerns
and economy, respectively. Therefore, the optimal brick com-
position was determined to be the D brick fired at 800 °C
containing 10 wt% solid leather waste and 5 wt% clinoptiolite
already used as an aid for sedimentation. In this case, the CS,
WA and SRAF values were, respectively, 84 kgf/cm2, 16%
and −0.08%, which were in good agreement with the related
brick standards [37–39].
Figure 9 shows the SEM image and area EDX spectrum-
elemental distribution of SB fired at 920 °C. The XRD spec-
trum of SB fired at 920 C was given in Fig. 10. The major
phases were quartz, albite, calcium aluminium oxide and wol-
lastonite. Figure 11 shows the SEM image and area EDX
spectrum-elemental distribution of D brick containing
10 wt% solid leather waste and 5 wt% clinoptiolite fired at
800 °C (optimal brick). Its XRD spectrum was given in
Fig. 12. The major phases were designated as quartz and
calcium iron magnesium silicate. As seen from the figures,
both bricks represented similar porous microstructures which
were supported by similar WAvalues of the SB (Table 6) and
the optimal brick (Fig. 8).
Leaching behaviour of fired bricks
Leaching tests were carried out with the bricks produced to
determine the amount of metal leaching from the fired sam-
ples. The results of the leaching tests are summarized in
Table 8.
The ICP-MS analyses of the leach solutions from the brick
type D (containing 10% solid residue and 5% clinoptiolite
fired at 800 °C) showed that concentrations of metals (such
as Cr, Zn, Ni, Ag, Al) in the leach solutions were always in
ppb levels after the 1-month leach period (Table 8). Hence,
only those elements which gave readings in ppm levels were
Ca, Mg, K and Na (as alkaline earth metals) (Table 8). Based
on these results, it is clear that metal released into solution
from the brick (which contain both the clinoptiolite and waste
additive or solid residue) is always lower than the permissible
values (even less than the SB in several instances) (Table 9)
most probably due to fixation reactions developing between
the wastewater, clinoptiolite and the brick structure.
Conclusions
In this study, the harmful content of TWW was sedimented
using clinoptiolite together with several types of anionic, cat-
ionic and non-ionic flocculants with different molecular
weights and charge densities. The sediment obtained was then
encapsulated in a brick structure to stabilize the sediment in
the brick structure. The bricks manufactured were no risk to
the environment and satisfied the relevant brick standards
while lowering the sintering temperature from 920 °C (SB)
to 800 °C which would lead to a substantial amount of energy
saving. In addition, to use cheap and largely available
Table 9 Limiting values set by the Environmental Regulations for wastewater (Water Contamination Control Regulations, Turkish Ministry of
Environment and Forestry, Published in Turkish State Newspaper (Resmi Gazete), December 31, 2004, No. 25687, www.resmi-gazete.org.) for those
metals which were detected by ICP-MS to be over 10 ppb in leach solutions
Heavy metals Allowable limit (ppm) Alkaline earth metals Allowable limit (ppm)
Cr 2 Ca NL
Ni 5 Na NL
Zn 3–5 K NL
Ag 1–5 Mg NL
Fe 3–10
Al 3
Au pH 6–9
NL no limit set by the regulations.
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clinoptiolite as a coagulant aid instead of conventional coag-
ulants such as metal salts would be an advantage from an
economical point of view. Besides, the use of valuable clay
deposits in brick making would be reduced mitigating the
negative impact of mining activities.
The following specific conclusions were drawn from this
study:
& The fastest settling rate of 4.9 cm/min was attained at a
clinoptiolite concentration of 20 g/L and the effect of pH
and mixing rate on the sediment height (FSV) were found
to be negligible.
& The cationic flocculant, PAM K6645, seemed to be the
best to settle the particles with a lowest turbidity value of
almost zero. However, FSV was high in the case of this
surfactant. The supernatant liquid was not very clear, and
the sediment height was high in the case of a non-ionic
polymer (N134).
& The effect of sediment on the brick structure changed
depending on the firing temperature and the type/
concentration of additives.
& The addition of clinoptiolite did not affect the brick prop-
erties negatively or positively under any conditions while
the addition of leather waste showed positive changes for
some conditions.
& The optimal brick composition was determined to be the
D brick fired at 800 °C containing 10 wt% solid leather
waste and 5 wt% clinoptiolite.
& The CS, WA and SRAF values of the optimal brick were
84 kgf/cm2, 16% and −0.08%, which were in good agree-
ment with the related brick standards.
& The sintering temperature was lowered from 920 down to
800 °C.
& After 1 month of leaching, the metal (Cr, Zn, Ni, Ag, Al)
concentration released into solution from the optimal
brick, which contained both the clinoptiolite (5%) and
waste additive (10% of SR) fired at 800 °C, was always
lower than the permissible values and even less than the
SB in several instances.
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